A molecular-orbital derived polarization ͑MP͒ model is developed and shown to yield good thermodynamic and structural results for liquid water. In this method, each solvent molecule is treated quantum-mechanically by the semiempirical AM1 model, and the charge polarization of the molecule is determined by electronic structure calculations, making use of a hybrid quantum mechanical and molecular mechanical ͑QM/MM͒ technique. The MP model is shown to be as successful as the best polarizable and nonpolarizable three-site potentials for water. In particular, the computed heat of vaporization and density for liquid water at 25°C and 100°C are within 1% of experimental data. In addition, the MP model gives good estimates for the radial distribution functions in comparison with neutron scattering results.
I. INTRODUCTION
In a previous article, we described a molecular orbital derived potential for the treatment of many-body polarization effects in condensed phase systems. 1 In this method, the electronic structure of each solvent molecule is represented by an antisymmetric determinant wave function, whereas the fluid system is described by a Hartree product of the individual molecular wave functions. Thus, the solvent electronic structure is influenced by the charge distributions of all other molecules in the system. Since the solvent wave function varies dynamically as the liquid configuration changes, this molecular orbital derived potential is analogous to the fluctuating charge ͑FC͒ model used by Rappé and Goddard, 2 and by Berne and co-workers, 3 which was derived on the basis of the principle of electronegativity equalization. [4] [5] [6] [7] However, the method described in Ref. 1 is a quantum chemical model as opposed to a purely empirical charge equalization scheme used in the FC model. Consequently, the molecular orbital approach can in principle avoid the possibility of unrealistic charge distributions that might be generated by the FC model.
For the purpose of molecular dynamics and Monte Carlo simulations, effective pair potentials are widely used, and several excellent alternatives are available for water, including the simple point charge ͑SPC͒ model and the transferrable intermolecular potentials ͑TIP3P and TIP4P͒. 8, 9 These potentials can yield accurate thermodynamic and structural results in comparison with experiment, although the manybody polarization effect is treated in an average fashion in the parametrization process. To overcome the deficiency of pair potentials in the treatment of heterogeneous systems, such as host-guest binding and protein-DNA interactions, which involve large changes of the environment in the molecular system, there has been a great interest in the development of polarizable intermolecular potential functions ͑PIPF͒. [10] [11] [12] [13] [14] [15] [16] Recent studies of the structure of ion-water clusters provided a convincing illustration of the necessity of using polarizable potentials in molecular simulations. 17 In view of the importance of water as a solvent and the critical role of hydrogen bonding interactions in biological systems, liquid water was chosen for the first application of the molecular-orbital derived polarization ͑MP͒ model. In this paper, we report the parametrization of a semiempirical quantum mechanical model and the results for pure liquid water through Monte Carlo simulations. The primary goal of this study is to demonstrate the feasibility of fluid simulations to be carried out using such a molecular orbital derived polarization potential. The performance of the MP model is demonstrated by comparisons with experimental data and computational results from the TIP3P pair potential and the polarizable SPCFQ model. In the following, the MP method and computational details are first given, followed by results and discussion. The paper concludes with a summary of the major findings.
II. METHODS
The basic assumption of this study is that the wave function ͑⌽͒ of a liquid system consisting of N molecules is written as a Hartree product of the wave functions of indi-
This approximation neglects the exchange correlation interactions between molecules. However, it significantly reduces the size and cost of the quantum mechanical computation, thereby allowing the potential energy of the fluid system to be rapidly determined for molecular dynamics or Monte Carlo simulations. The individual molecular wave function ⌿ a is written as a Slater determinant of M doubly occupied orthonormal molecular orbitals ͑MO͒, ͕ i ͖, if there are 2M electrons in each molecule. 18 As usual, the molecular orbitals are linear combinations of an atomic orbital basis set, ͕ ͖, spanning the entire individual molecule,
where c i are molecular orbital coefficients satisfying the orthonormal constraints,
In Eq. ͑3͒, S i j is the overlap integral between atomic orbitals and .
The Hamiltonian of the system can be written in the standard form,
where Ĥ a 0 is the Hamiltonian for an isolated molecule a, and Ĥ ab represents interactions between molecules a and b. For a given geometrical configuration of the system, the total energy is determined as the expectation value of the wave function ⌽ over the Hamiltonian of Eq. ͑4͒,
Here, ͗⌿ 0 ͉Ĥ a ͉⌿ 0 ͘ is the energy of an isolated molecule in the gas phase, which has a constant value and is subtracted from the energy expression in Eq. ͑5͒ so that the energy zero corresponds to a gas of N molecules at infinite separation. The wave function ⌿ 0 corresponds to a molecule in the gas phase.
In principle, Eq. ͑5͒ can be determined by standard Hartree-Fock molecular orbital methods. 18 However, it is necessary to compute the two-electron integrals arising from different molecules, which would make the procedure computationally intensive and less attractive for fluid simulations. Assuming that there is no electron transfer between different molecules, the interaction Hamiltonian between molecules a and b can be expressed by Eq. ͑6͒,
where A is the total number of atoms, Z ␣ (a) are the nuclear charges, and V x (⌿ b ) is the electrostatic potential of monomer b at either the electronic (xϭi) or nuclear (xϭ␣) positions of molecular a. The first term of Eq. ͑6͒ describe interactions between the electrons of molecule a and the electrons and nuclei of molecule b, whereas the second term represent interactions of the nuclei of molecule a with the electrons and nuclei of molecule b. V x (⌿ b ) is defined as follows:
where b (r) is the electron density of molecule b, which can be determined from the wave function ⌿ b . If the electrostatic potential is represented by a multipole expansion, the need for evaluation of the two-electron Coulomb integrals between a and b ͓Eq. ͑6͔͒ may be circumvented. 1 In this case, each molecule in the liquid system, which is treated quantum-mechanically and has a wave function, can be seen as being surrounded by a collection of classical multipoles. The electronic structure of this ''QM'' molecule is influenced and polarized by the charge or multipole distribution and the microscopic coordinates of other solvent molecules. In turn, the multipoles of each molecule are derived from its molecular wave function, which fluctuate as the wave function varies during the molecular dynamics or Monte Carlo simulation. Thus, the wave function and the classical multipoles are coupled, which must be determined in a selfconsistent manner.
Clearly, it is crucial to adopt an efficient and appropriate procedure to represent the electrostatic potential of the molecular wave function in this model. The simplest approximation is to limit the multipole expansion only to the monopole terms, i.e., point charges. This would greatly simplify the computational procedure, though the shortcoming of this approach is that the polarization in the direction perpendicular to the molecular plane of water shall not be adequately treated in the classical portion for the interaction between two water molecules. This deficiency, nevertheless, can be systematically improved by including the dipole or higher multipole terms. If we adopt the point charge model, the interaction Hamiltonian between molecules a and b can be simplified as follows:
where q ␤ (⌿ b ) are the partial atomic charges of molecule b derived from its wave function ⌿ b , r i␤ are the distances between electrons of molecule a and atoms of molecule b, and R ␣␤ specify the distances between the nuclear centers in molecules a and b. In Eq. ͑8͒, electrons and nuclei of molecule a are explicitly included, whereas the electronic structure of molecule b is approximated by classical point
With the definition of the interaction Hamiltonian in Eq. ͑8͒, the interaction energy between molecules a and b, E ab , is given by Eq. ͑9͒,
Thus, Eq. ͑10͒ ensures that E ab ϭE ba , although the two individual terms in Eq. ͑9͒ may not always be identical due to the imbalance in hybrid QM/MM methods.
A van der Waals term is introduced in Eq. ͑8͒ to account for the dispersion interactions and short-range electron repulsions due to the Pauli exclusion principle. In addition, it serves the purpose of compensating for the exchange interactions neglected in Eq. ͑1͒. The van der Waals term is written in the form of Lennard-Jones potentials,
where the parameters ⑀ ␣␤ and ␣␤ can be derived using the combining rules, such that ⑀ ␣␤ ϭ(⑀ ␣ ⑀ ␤ ) 1/2 and ␣␤ ϭ( ␣ ␤ ) 1/2 . ⑀ and are empirical parameters in the present MP model, which will be determined to reproduce experimental thermodynamic properties of the pure liquid.
A number of methods may be used to derive the atomic partial charges. [19] [20] [21] [22] For example, the electrostatic potential fitting procedure, 19 which gives realistic representation of the electrostatic properties around the molecule, has been adopted to derive charges for molecular mechanics potentials. 20 Storer et al. proposed a multiparameter mapping algorithm to generate atomic charges. 21 This empirical charge model has been successfully used in a generalized Born solvation model for the prediction of solvation free energies of organic molecules. The Mulliken population charges can give a good representation of the atomic electronegativity, and is computationally efficient. It should be noted that since atomic charges are not physical observables, any particular definition will ultimately lead to certain advantages and disadvantages. However, this deficiency can be systematically reduced by including multipole terms in the MP model. We found that the use of scaled Mulliken population charges is sufficient in the present study,
where Q ␣ M are the Mulliken population charges of molecule b, and K is an empirical parameter associated with a particular quantum mechanical model, whose value will be optimized in liquid simulations. In the neglect of diatomic differential overlap ͑NDDO͒ ͑Ref. 23͒ approximation that is employed in the semiempirical NMDO, 24 AM1, 25 and PM3 methods, 26 the overlap matrix in Eq. ͑3͒ is assumed to be diagonal. Consequently, atomic charges of molecule b can be conveniently determined by Eq. ͑12͒,
Note that the use of Eq. ͑8͒ is identical to the hybrid quantum mechanical and molecular mechanical ͑QM/MM͒ methods that have been developed for the study of chemical reactions in solutions and in enzymes. [27] [28] [29] [30] [31] [32] [33] In determining the molecular wave functions using the MP model, fully converged variational Hartree-Fock calculations will be carried out for each configuration sampled in the fluid simulation as is done in the present study. Alternatively, an extended Lagrangian method can be used to treat the electronic variables dynamically as that in the Car-Parrinello molecular dynamics scheme. 34 Recently, Field reported a similar implementation of the quantum mechanical fluctuating charge model at both the AM1 and HF/STO-3G level of theory.
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III. COMPUTATIONAL DETAILS
In the present study, the semiempirical Austin model 1 ͑AM1͒ method is used to describe the electronic structure of water. 25 All parameters associated with the quantum chemical model are kept fixed without further optimization. The adjustable parameters in the present MP model are the charge scaling constant ͓Eq. ͑11͔͒, and the Lennard-Jones parameters for oxygen and hydrogen ͓Eq. ͑10͔͒. These parameters are adjusted to reproduce the experimental heat of vaporization and density for liquid water at 25°C and 1 atm. In all calculations, the water geometry is kept rigid at its experimental value. All parameters are listed in Table I .
Statistical mechanical Monte Carlo calculations were carried out for a cubic box containing 267 water molecules with periodic boundary conditions. Standard Metropolis sampling was used in the isothermal-isobaric ensemble ͑NPT͒.
36 Two state points have been considered at 25°C and 100°C and 1 atm, although it should be noted that the parametrization was determined at room temperature as most empirical potentials including the remarkably successful TIP3P/TIP4P and SPC models. 8, 9 Intermolecular interactions are gradually smoothed to zero at spherical cutoffs between 8.5 and 9.0 Å based on oxygen-oxygen separations. New configurations were generated by randomly translating and rotating an arbitrarily selected monomer. In addition, the volume of the system was changed randomly on every 550th attempted move and the coordinates were scaled accordingly. The sampling is performed on the basis of Eq. ͑13͒,
where the superscripts n and o refer to the new and old configuration, k B is Boltzmann's constant, T is temperature, P is pressure, and V is the volume of the system. An acceptance rate of ϳ45% was maintained by using ranges of Ϯ0.13 Å for the translations, Ϯ13°for the rotations, and Ϯ150 Å 3 for the volume changes. The simulation was initiated from a set of previously equilibrated coordinates using the TIP3P model. 9 At least 2ϫ10 6 configurations were executed for equilibration, and the averaging was carried out over an additional 2ϫ10 6 configurations. Implementation and computational details for the quantum mechanical calculations have been described in Ref. 1 . In computing the total energy of the system, the fully converged wave function is used for each fluid configuration. In particular, at each microscopic configuration sampled during the Monte Carlo simulation, an initial set of atomic charges are derived from the molecular wave function. These partial charges are incorporated into the Fock matrix in terms of one-electron integrals in the subsequent iteration step in Hartree-Fock molecular orbital ͑MO͒ calculations. [27] [28] [29] [30] [31] [32] A new set of MO coefficients for each molecule are obtained and a new energy of the system is determined. The new MO coefficients are used to derive a yet further modified set of charges for the next HF-SCF iteration until the total energy of the system is fully converged. The criteria for the convergence of the electronic energy calculations are 10 Ϫ5 eV for the monomer energy and 10 Ϫ5 e on the charge density between subsequent iteration steps. Approximately 5 steps were needed for each energy calculation. All computations were carried out on an IBM RS6000/591 workstation in our laboratory.
IV. RESULTS AND DISCUSSION
A. Monomer and dimer properties
Results for the monomer and the linear dimer of water, obtained using the present MP, 1 the pairwise TIP3P, 9 and the fluctuating charge SPCFQ model, 3 are listed in Table II . For the monomer, the results from the MP model are identical to those that would be obtained using the AM1 method. 25 Thus, the experimental dipole moment for water in the gas phase is reproduced by the AM1 model as does the SPCFQ model. 37 On the other hand, since the charges are fixed in the TIP3P potential, a dipole moment of 2.31 D is used to mimic the polarization effect in the liquid. Another property that may be compared with experiment for a polarizable model is the dipole polarizability tensor. Both the MP and the SPCFQ model exhibit considerable anisotropy, whereas the experimental polarizability tensor is almost isotropic. 38 Furthermore, in the MP model, due to the use of a point charge model to represent the QM electrostatic potential to describe QM/MM interactions, the component of the polarizability tensor perpendicular to the symmetry plane is zero in the classical representation. However, it should be noted that these discrepancies may be corrected by including dipole and multipole terms in the classical approximation of the QM molecular electrostatic potential ͓Eq. ͑7͔͒, and by using larger basis functions and correlated ab initio methods.
The interaction energy for the water dimer predicted by the MP model is in good agreement with the SPCFQ model, although the computed dimer energies are underestimated in comparison with experiment ͑Table II͒. 39 Both the quantum MP and classical fluctuating charge models yield hydrogen bond distances in accord with the experimental values. 40 For comparison, the TIP3P potential gives an interaction energy of Ϫ6.50 kcal/mol for the same dimer, 9 significantly greater than the experimental data. It is, of course, well-known that in order to obtain good thermodynamic properties for the liquid, gas phase interaction energies must be overestimated by such effective pair potentials. 9 This treatment also leads to an underestimate in intermolecular distance for these complexes as shown in Table II for the water dimer. 
B. Thermodynamics
The computed and experimental thermodynamic results at 25°C are listed in Table III , along with the results for the TIP3P and SPCFQ model for comparison. The standard errors (Ϯ1) for the computed quantities in this study were obtained from fluctuations of separate averages over blocks of 10 5 configurations. They are ϳϮ0.02 kcal/mol for the energies, and Ϯ0.002 g/cm 3 for the density. A correction for the Lennard-Jones potential neglected beyond the cutoff radius has been included, which typically lowers the total energy by 1%-2%. The correction for the long-range electrostatic interactions was not made in the present study, although an Ewald summation scheme has recently been implemented in hybrid QM/MM potentials. 41 Previous studies indicate that there is little size dependency of the computed properties for liquid water. 9, 42 The computed binding energy, which is defined as the transfer energy in bringing a mole of ideal water vapor from the gas phase into the liquid phase, E i (l), and the heat of vaporization may be related by Eq. ͑14͒,
where V(g) and V(l) are volumes of water in the gas and liquid phase, respectively, ⌬Q is the quantum corrections for inter and intramolecular degrees of freedom between the gas and liquid, and the last term is the enthalpy departure function which can be estimated from the virial equation of state. Jorgensen and Madura have tabulated the values for ⌬Q and (H 0 ϪH) at Ϫ25 to 100°C, which are used here. This relationship has been used to determine the experimental binding energy of the liquid E i (l), and the computed heat of vaporization from the simulation. The calculated heats of vaporization using both the MP ͑10.46 kcal/mol͒ and the SPCFQ ͑10.5 kcal/mol͒ polarizable models are in excellent agreement with experiment, 43 with an error of less than 1%. The performance of the TIP3P potential is also good, 9 although the deviation in the predicted heat of vaporization is slightly greater than the two polarizable models.
The average dipole moment ͗ liq ͘ of water molecules in the liquid, which is determined using the semiempirical quantum mechanical method from the polarized molecular wave functions, shows a significant increase for both the MP and the SPCFQ model over the gas phase values. We ob- 14,44 Thus, the computed liquid dipole moment for water from the MP model is consistent with this estimate. The distribution of the scalar dipole moment in the MP water is shown in Fig. 1 , ranging from 1.95 to 2.60 D. The width at half-maximum is about 0.25 D, which may be compared with that of 0.42 D for the SPCFQ model. 3 The results suggest that the SPCFQ potential for water is more polarizable than the present MP model. The large polarization effect in the SPCFQ model has been attributed to the SPC geometry for water, 3 which has a tetrahedral bond angle and a longer O-H bond distance ͑1.0 Å͒. 8 The distributions of the total binding energies for the monomers in the liquid are shown in Fig. 2 for the TIP3P and the MP model. Note that the average energy from the distribution for the pair potential is twice the E i (l) value in Table III . However, for the polarizable MP model, the average contains the monomer self-polarization energy ͑see below͒. The total interaction energy per monomer can not be obtained simply by dividing the average energy by two as in the case of the TIP3P potential. Thus, the maximum position in the distribution is located at a more negative energy. This emphasizes the nonadditive nature of the polarization effect in the liquid. Figure 2 shows that the water molecules experience a smoothly distributed spectrum of energy environments, covering 20 kcal/mol for the TIP3P potential, and more than 25 kcal/mol for the MP model. The broader energy distribution in the MP model reflects the flexibility in charge distribution from the polarizable model for water. Figure 2 also provides the primary indicator for the intermolecular contribution to the liquid heat capacity, which is computed from the enthalpy fluctuations,
where H i (l)ϭE i (l)ϩ PV, and P and V are the pressure and volume of the liquid. The total heat capacity of the liquid is then estimated from C p (l) plus the classical kinetic energy contributions from translation and rotation of a water molecule (3R), minus R for the PV component. . 43 These quantities converge very slowly in the Monte Carlo calculation, and much longer simulations are needed to increase the accuracy. The computed liquid density is compared with experimental data in Table III . The MP model results in a density of 1.004Ϯ0.002 g/cm 3 , which differ from the experimental value by less than 1%. On the other hand, the TIP3P model underestimates the liquid density by 1.5%. The density of the SPCFQ model was estimated by Field to be 0.984 g/cm 3 at 25°C and 1 atm, 35 similar to that of the TIP3P potential. These results demonstrate that the present quantum mechanical MP model can yield excellent thermodynamic results for liquid water and the accuracy is comparable to that of MM potentials with and without explicit polarizations.
Thermodynamic results computed at 100°C and 1 atm for the MP water model are listed in Table IV, and are experiment. 42 The predicted heat of vaporization ͑9.31 kcal/ mol͒ is about 4% smaller than the experimental value, whereas the TIP4P result is in good agreement with the experiment at this temperature. However, it should be noted that the TIP4P model overestimates the heat of vaporization by 0.1 kcal/mol at ambient conditions ͑25°C͒. The liquid density at 100°C from the MP model is 0.924Ϯ0.004 g/cm 3 , which may be compared with the TIP4P and experimental values of 0.929 g/cm 3 and 0.958 g/cm 3 . 42 The weaker binding energy of the liquid at 100°C is reflected by the binding energy distribution function in Fig. 2 . This is also echoed by the smaller induced dipole moment for liquid water at 100°C, which is predicted to be 0.36 D, or 16% reduction of the polarization at 25°C. In view of the significant change in induced dipole moment in going from ambient conditions to the boiling point, the agreement between the computed and experimental heat of vaporization demonstrates that the present polarization water model can provide an adequate description of the condensed phase polarization effect in liquid water.
The other slowly converging properties are also listed in Table IV . The agreement with experiment in computed heat capacity (C p ) and the isothermal compressibility ͑͒ is also good, although large uncertainties exist in these quantities. Overall, the present MP model can also yield adequate thermodynamic properties for liquid water at 100°C. Its performance is comparable to that of the TIP4P model, which has been used in simulations of fluids at supercritical conditions even though the model severely overestimate dimer interaction energies in the gas phase. Additional testing of the MP model for supercritical fluid simulations will be reported in the future.
In closing, we note that Field recently reported a similar study using both the AM1 and HF/STO3G models. 35 In his implementation, the Lennard-Jones parameters ͓Eq. ͑10͔͒ were optimized to yield reasonable interaction energy for the water dimer complex in the gas phase. However, the fluctuating charges are directly enumerated from the Mulliken population analysis. As a result, both the computed binding energies ͑6.71 and 5.23 kcal/mol͒ and densities ͑0.962 and 0.966 g/cm 3 ) using the AM1FC and STO3GFC models, respectively, are too low.
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C. Energy components
It is interesting to examine the energy components of the computed binding energy from the MP model. Unlike the energy obtained using the TIP3P potential, the binding energy of a water molecule in the liquid from both MP and SPCFQ models contains a self-polarization contribution arising from the distortion of the monomer wave function in going from the gas phase into the liquid. For the MP model, this self-polarization energy, ⌬E self is given in Eq. ͑16͒, whereas an analogous expression has been used for the fluctuating charge model,
͑16͒
The average self-polarization energy, or electronic distortion energy, is 3.03Ϯ0.01 kcal/mol for the MP potential ͑Table V͒ at 25°C, which may be compared with values of 5.7 kcal/mol for the four-site fluctuating charge model TIP4PFQ and 7.6 kcal/mol for the three-site SPCFQ model. 3 At 100°C, the ⌬E self term is estimated to be 2.24Ϯ0.02 kcal/mol. The classical fluctuating charge models are more polarizable, which give greater polarization energies than the present semiempirical quantum mechanical MP potential. On the other hand, molecular mechanics potentials employing permanent charges to interaction sites on a molecule do not contain explicit polarization effects. Berendsen et al. pointed that the intermolecular potential energy of the liquid is underestimated using such pair potentials since the selfpolarization energy has been ignored. 45 An estimate of the self-polarization energy from the expression ⌬E self ϭ͗( liq Ϫ gas ) 2 ͘/2␣ leads to a value of 3.15 kcal/mol, using the experimental dipole moment of ice ͑2.6 D͒ as an approximation to the liquid value, liq . 46 If the dipole moment for the TIP3P water was used, ⌬E self would be 1.1 kcal/mol. Thus, the MP results are consistent with these estimates. By including the self-polarization energy correction, the SPC and TIP4P models have been reparametrized, giving rise to the SPC/E and WK potentials. 45, 46 Of course, the energy penalty for distorting the wave function of water molecules in the liquid is compensated for by the gain in polarization stabilization energy, ⌬E stab , thanks to the enhanced charge polarization. The total polarization energy of the system, thus, is the sum of the net stabilization energy and the self-polarization energy, 
where the polarization stabilization energy is defined as follows:
͑18͒
This expression naturally leads to a definition of the vertical interaction energy, E vert , which is the total potential energy of the liquid, in which each water molecule has its gas phase charge distribution ͑wave function͒,
The average values of these quantities from the MP model are listed in Table V . In particular, the polarization stabilization energy is estimated to be Ϫ7.00Ϯ0.04 kcal/mol, which in combination with ⌬E self ͑3.03 kcal/mol͒ gives rise to a total polarization energy of Ϫ3.97Ϯ0.04 kcal/mol for liquid water. The many-body polarization effect makes a significant contribution to the total potential energy of the liquid, which amounts to 40% in the MP model. At 100°C, the computed polarization energy is Ϫ3.10Ϯ0.05 kcal/mol, which is 36% of the total potential energy. The total electrostatic interaction energy (E ele ϭE vert ϩE pol ) is Ϫ12.54 kcal/mol, whereas the van der Waals term makes a positive contribution to the total potential energy. The energy decomposition scheme outlined above should also be useful to parametrizing the classical fluctuating charge models. As pointed out by Rick et al., the choice of the parameters for their FC models is not unique since many combinations of the electrostatic parameters in that model can lead to equally good results for liquid water. 3 The energy components obtained from a quantum chemical model such as the present MP potential may be used as additional restraints in the FC parameter optimization, which would further limit, if not uniquely define, the range of these parameters.
D. Radial distribution functions
The structure of the liquid can be characterized by radial distribution functions ͑rdfs͒, g xy (r), which give the probability of finding an atom of type y a distance r from an atom of type x. Peaks in the rdfs are often assigned to hydrogen bonding or solvation shells in polar liquids. However, since the angular distributions are averaged into the rdfs, it is not possible to obtain specific information on the orientation in hydrogen bonding interaction and only the number of nearest neighbors may be inferred from the rdfs.
The rdfs computed at 25°C using the TIP3P and the MP models are shown in Figs. 3-5 along with the neutron diffraction results of Soper and Phillips. 47 In each case, the dash-dotted curves are the experimental data. While comparing with the experimental rdfs, it should be kept in mind that there is a relatively large uncertainty in the peak heights in the experimental rdfs, due to different methods used in data analysis to remove contributions from inelastic and incoherent scattering. 48 However, the positions of the peaks are much more accurate. The first peaks in the g OO (r) rdfs in Fig. 3 predicted by both the MP and TIP3P models occur at 2.80 Å, which is about 0.1 Å shorter than the experimental value ͑2.875 Å͒. 47 The MP potential gives a somewhat higher peak than the TIP3P model, though both are considered to be in accord with experiment. Integration of the first peaks to the experimental minimum at 3.3 Å reveals nearest neighbors of 4.6 ͑MP͒, 4.6 ͑TIP3P͒, and 4.4 ͑experiment͒. The SPCFQ model has a coordination number of 4.2 water molecules. 3 It is evident from Fig. 3 that the polarizable MP model has more structured features at longer ranges in the g OO (r) rdf than the TIP3P potential. This has also been observed by Rick et al. using their FC models, and has been attributed to the increased charges in the polarizable models. 3 The short range structural ordering for the MP model is similar to that of the TIP3P model.
The computed g OH (r) rdfs are in good accord with the neutron scattering data ͑Fig. 4͒. 47 Two striking peaks are obtained at 1.8 and 3.2 Å in each case with the second peak a little higher than the first. The MP model shows more structure ordering than the TIP3P model, and is in closer agreement with experiment. Integration of the first peak to the minimum at 2.5 Å yields an averaged coordination num- ber of 2.0 from both MP and TIP3P models, which translate to 4 nearest neighbors per water molecule. In the g HH (r) rdfs ͑Fig. 5͒, the first peak predicted by the MP model is higher than both the TIP3P model and experiment, although the positions are all in good agreement. Overall, the structural features predicted by the present MP model are as good as or better than the pairwise TIP3P potential, and the polarizable SPCFQ model.
The g OO (r) and g OH (r) rdfs for the MP water at 100°C are shown in Figs. 6 and 7, and are compared with that at 25°C. Two features in these rdfs are apparent, the broadening of the first peaks, and the reduction of the peak heights. For the OO distribution, the height of the first peak is reduced from 2.80 at 25°C to 2.37 at 100°C. For g OH (r), the height hydrogen-bonding peak is lowered from 1.37 at 25°C to 1.06 at 100°C. Furthermore, the minimum and second peaks are completely dispeared at 100°C in the g OO (r) distribution function. Integration of the first peak of the g OH (r) rdf yields 1.84 near neighbors, or 3.68 molecules per water. The reduction in the number of hydrogen bonds predicted using the MP model ͑0.32͒ is in good accord with the findings from the TIP4P model ͑0.35͒ in going from 25 to 100°C. These features are consistent with diffraction experiments at these temperatures.
49
V. CONCLUSIONS
A molecular orbital derived polarization model is developed and shown to give good thermodynamic and structural results for liquid water. In this method, each molecule in the fluid system is treated with the semiempirical quantum mechanical AM1 model. The liquid system is then represented by a Hartree product wave function of individual monomers. The approximation neglects the exchange interactions between molecules, but they are ameliorated by including an empirical Lennard-Jones term. The advantage of the present molecular orbital derived potential is that it can in principle provide a more accurate treatment of molecular polarization than empirical approaches because the polarization effect is determined by electronic structure theory, albeit the method is only tested at the semiempirical level. In this study, the MP model is shown to be as successful as the best polarizable and nonpolarizable three-site potentials for liquid water. In particular, the computed heat of vaporization and density of liquid water at 25°C and 1 atm are within 1% of experimental data. The agreement at the boiling point temperature ͑100°C͒ is also reasonable, with errors of 3%-4% of experimental data. In addition, the MP model gives good estimates for the radial distribution functions of liquid water in comparison with neutron scattering results. Since the molecular wave function is allowed to vary and to be polarized by interactions with other molecules, the MP model should be transferrable for investigations of heterogeneous systems and aqueous solutions at nonstandard conditions including supercritical fluid. It is of considerable interest to extend the present model to allow charge transfer between molecules which will be useful for the study of biomolecular systems in aqueous solution. 
